A minimal growth medium containing glucose, acetate, vitamins, and eight amino acids allowed for growth of Lactococcus lactis subsp. lactis, with a specific growth rate in batch culture of ,u = 0.3 h-1. With 19 amino acids added, the growth rate increased to L = 0.7 h-1 and the exponential growth phase proceeded until high cell concentrations were reached. We show that morpholinepropanesulfonic acid (MOPS) is a suitable buffer for L. lactis and may be applied in high concentrations.
Interest in the physiology of lactic acid bacteria has been stimulated by the industrial importance of these bacteria and the potential use of genetic engineering in strain optimization. For metabolic investigations, a defined growth medium for these bacteria is desirable which (i) supports growth at a reasonably high rate and (ii) allows for exponential growth over a wide range of cell concentrations. Lactococcus lactis has numerous growth requirements (8, 10, 13) , which complicates the formulation of a suitable growth medium for these bacteria. The complex media MRS (5) and M17 (14) are extensively used but are often unsuitable for physiological studies, e.g., when a well-defined growth medium is required. Presently many investigators use a defined growth medium described by Otto et al. (11) and modified by Poolman and Konings (12) which supports the growth of L. lactis at reasonably high specific growth rates. Yet, this medium contains virtually all building blocks for biosynthesis of macromolecules, which complicates the study of metabolic pathways. Here we show that a combination of eight building blocks, all of which are amino acids, is sufficient for growth of derivatives of L. lactis subsp. lactis NCDO 712.
Growth on plates containing eight amino acids (BL medium). As a basis for our minimal media, we used the medium described by Neidhardt and coworkers (9) , which contains the pH buffer morpholinepropanesulfonic acid (MOPS). We applied 0.19 M MOPS to the BL medium and 0.04 M MOPS to the SA medium unless otherwise stated (see Table 1 for complete medium compositions). All stock solutions were passed through Millipore filters (0.2-p.m pore size). Glucose, acetate (see reference 4), and vitamins (biotin, pyridoxal, folic acid, riboflavin, niacinamide, thiamine, and calcium pantothenate) were added together with six amino acids (glutamate, histidine, isoleucine, leucine, methionine, and valine) previously shown to be essential for growth of L. lactis subsp. lactis (13 The basic medium contained glutamate, leucine, isolecine, valine, histidine, and methionine in addition to vitamins, mineral salts, and glucose at the concentrations given for BL medium ( Table 1 ). The rest of the amino acids were added at the concentrations used in SA medium. b These amino acids were added at the concentrations contained in SA medium (Table 1) . added together, the growth rate increased to ,. = 0.36 h-1 and the upper limit of the exponential growth phase was increased from 0.5 to above 1 (in OD450 units).
The BL medium should be useful for the many physiological studies, in which one wishes to have a defined and simple combination of building blocks for biosynthesis of macromolecules, e.g., to obtain mutants in some biosynthetic pathway. Compared with the media described by other investigators (10, 12, 13) , the SA medium lacks many components. To test whether the concentrations were still optimal with respect to the growth rate and growth yield of L. lactis subsp. lactis MG1363, the strain selected for physiological studies in this laboratory, we increased the concentrations of the components of the SA medium. None of the individual nutrients affected growth significantly, and we conclude that the components of the SA medium are in excess of the concentration required to support the maximum growth rate of strain MG1363.
Since strains of L. lactis convert a large part of their sugar substrate into lactic acid, we anticipated the buffer capacity of the medium to be important, particularly with respect to high growth yields. Indeed, as the concentration of buffer was increased from 0.02 to 0.12 M the growth yield increased, suggesting that it is the pH of the growth medium that limits the final cell density in SA medium (Fig. 1A) We also tried to exchange the MOPS buffer in SA medium with phosphate. This resulted in a lower growth rate of strain MG1363 at a high buffer concentration compared with that in the medium containing MOPS (Fig. 2) . These results are in line with the results of Neidhardt and coworkers (9) , who showed that enterobacteria also grew faster with MOPS as the buffer compared with phosphate. Perhaps phosphate causes partial dissipation of the proton gradient across the cytoplasmic membrane. The be pared with phosphate may als transported into the cells and F ulation of L. lactis, as has Escherichia coli (2) .
